In this study, silver/reduced graphene oxide (Ag/rGO) nanocomposites were synthesized in situ using three different mass ratios of silver nitrate and graphene oxide (1:1, 2:1, and 4:1). L-ascorbic acid (LAA) was used as an environment-friendly reducing agent. The characterization of Ag/rGO was investigated using Fourier transform infrared spectroscopy, X-ray diffraction, Raman spectroscopy, and transmission electron microscopy. The investigated results showed that the Ag/rGO nanocomposites were successfully synthesized with silver nanoparticles in the size range of 10-25 nm uniform distribution on rGO sheets. The antibacterial activity of Ag/rGO was tested against Gram-negative (Salmonella typhimurium) and Grampositive (Staphylococcus aureus) bacteria using plate colony-counting and broth dilution methods, in comparison with individual rGO and silver nanoparticles. The tested results showed that the Ag/ rGO nanocomposite with the AgNO 3 :GO ratio of 4:1 (Ag/rGO4:1) exhibited the strongest antibacterial activity. The minimal inhibitory concentration values of Ag/rGO4:1 against Salmonella typhimurium and Staphylococcus aureus were 10 µg/ml and 50 µg/ml, respectively. Hence, the Ag/rGO nanocomposite could be considered as a potential antibacterial agent.
Introduction
In spite of the advanced developments in drug discovery and biotechnology, people continue to be affected annually by bacterial infection, making it one of the world's public health concerns. Conventional antibacterial drugs are commonly used to address the problem. However, the overuse of antibiotics and drugs has led to bacterial resistance [1] . Therefore, various antibacterial agents, such as carbon nanotubes, metal oxide nanoparticles [2] , graphene-based materials [3] , and metal nanoparticles [4] , have been studied to resolve the issue.
Graphene oxide (GO) is a two-dimensional material that consists of a single layer of carbon atoms arranged in honeycomb network. Each carbon atom forms three covalent bonds with three other carbon atoms by sp 2 hybridization, creating a hexagonal structure with electronrich π-π conjugation system [5] . GO was fabricated oxidizing graphite to form graphite oxide (GiO), followed by exfoliation; thus, it contains various oxygenated functional groups on the surface and edges, such as hydroxyl (OH), epoxy (-O-), cacbonyl (-C=O), and carboxylic (-COOH) [6, 7] . Similar to GO, reduced graphene oxide (rGO) is also a two-dimensional material but has few oxygenated functional groups on its basal plane or in its structure. It can be synthesized by the chemical reduction of GO [8, 9] . rGO is applied in many different fields, such as biology [6] , nanoelectronics [7] , energy storage devices, and water purification [8, 9] . Recently, the antibacterial activity of rGO has been widely researched due to the physical contact between rGO and the bacteria cell wall. rGO sheets with around 1 nm in diameter are capable of both deteriorating bacteria membrane integrity and surrounding the bacteria due to their electron-rich surfaces [2] . However, rGO
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September 2018 • Vol.60 Number 3 antibacterial activity is relatively low due to the difficulty of fabricating single-layer rGO sheets and the fact that rGO sheets are easily accumulated. To enhance the antibacterial activity of rGO, metal nanoparticles or metal oxides have been employed to fabricate new nanocomposites. Among these, silver is commonly used owing to its potential antibacterial activity as compared with other metal nanoparticles or metal oxides and because it causes no harm to mammals [10] . AgNPs can easily release silver ions, generating reactive oxygen species (ROS), such as superoxide, hydrogen peroxide, or hydroxyl radicals [11] . Silver ions are capable of interacting with DNA, as DNA mostly contains sulfur and phosphorus, causing DNA replication malfunction and inhibiting bacteria growth [12] .
The addition of silver in the fabrication of Ag/rGO leads to certain advantages: (1) It prevent the irreversible agglomerates due to strong π-π stacking tendency between reduced GO sheets; (2) reduces the thickness of rGO sheets; and (3) prevents aggregation of silver nanoparticles as the rGO sheets become substrates [13] . Therefore, the antibacterial activity of new fabricated nanocomposite could be relatively higher in relation to its precursors.
In this work, Ag/rGO nanocomposites were fabricated in situ with L-ascorbic (LAA) acid as a green reducing agent. The characterization of Ag/rGO was investigated by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron microscopy (TEM), and Raman spectroscopy. Gram-negative bacteria, Salmonella typhimurium (S. typhimurium), and Gram-positive bacteria, Staphylococcus aureus (S. aureus), were selected as model strains to study the antibacterial properties of the nanocomposites.
Materials and methods

Materials
Graphite powder (D h <20 µm) was obtained from SigmaAldrich, Germany. Potassium permanganate (KMnO 4 , 99%), ammoniac (NH 4 OH), ethanol (C 2 H 5 OH, 95%), and L-ascorbic acid (C 6 H 8 O 6 , 99.7%) were purchased from ChemSol, Vietnam. Sulfuric acid (H 2 SO 4 , 98%), phosphoric acid (H 3 PO 4 , 86%), hydrogen peroxide (H 2 O 2 , 85%), chlohydric acid (HCl, 36%), silver nitrate (AgNO 3 , 99.8%), poly (vinylpyrrolidone) (PVP, M w =10,000), and sodium chloride (NaCl, 99.5%) were purchased from Xilong, China. Mueller-Hinton agar powder (500 g) and LuriaBertani (LB) powder were purchased from Himedia, India. All chemicals were analytical grade and used as received without performing any further purification.
Synthesis of GO
GO was prepared from graphite powder using the improved Hummers method [14] . 3 g of graphite powder was slowly added to the mixture of 360 ml of H 2 SO 4 and 40 ml of H 3 PO 4 in a 1,000 ml beaker. Then, 18 g of KMnO 4 was added into the mixture, followed by a 30-minute stirring in an ice bath. The mixture was stirred and heated to 50 o C for 12h. Then, the mixture was cooled to room temperature and slowly diluted with 500 ml of distilled water. 15 ml of H 2 O 2 was added and the colour of the solution changed from brown to yellow. The mixture was centrifuged and washed with HCl, distilled water, and ethanol, respectively, until the pH reached 6. The solid was dried at 50 o C for 24h in order to obtain GiO.
GiO was then dispersed in distilled water to form a GO suspension by sonication for 12h.
Synthesis of rGO
The rGO was synthesized by the chemical reducing method [15] . First, 40 ml of LAA (4 mg/ml) was added into 10 ml of GO (4 mg/ml). The mixture was stirred and heated to 95 o C for 2.5h. After that, the mixture was cooled to room temperature. The resulting mixture was centrifuged and washed with deionized water and ethanol, respectively, until pH of the wastewater reached 7, and dried at 60 o C. The rGO powder was obtained.
Synthesis of silver/ammonia solution (AgNO 3 /NH 3 )
AgNO 3 /NH 3 was prepared by dissolving 2 g of silver nitrate in 450 ml water, then adding aqueous ammonia solution into the silver nitrate solution under continuous stirring until the brown precipitates disappeared. The mixture was adjusted to a final volume of 500 ml with water. The concentration of AgNO 3 obtained in AgNO 3 /NH 3 solution was about 4 mg/ml.
Synthesis of silver nanoparticles (AgNPs)
AgNPs was synthesized using the chemical reducing method in a PVP environment [16] . First, 32 mg of PVP was dispersed in 10 ml AgNO 3 /NH 3 (4 mg/ml). Then, 5 ml of LAA (4 mg/ml) was added. The mixture was stirred and heated to 95 o C for 2.5h. Thereafter, the solution was cooled to room temperature. The resulting mixture was centrifuged and washed with deionized water and ethanol, respectively, until the pH of the wastewater reached 7, and then it was dried at 60 o C. The AgNPs powder was obtained.
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Synthesis of Ag/rGO nanocomposites
The Ag/rGO nanocomposites were synthesized using an in-situ method, in which both silver nitrate and GO were reduced simultaneously using LAA as a green reducing agent. The nanocomposites prepared from different mass ratio of AgNO 3 :GO were labelled as Ag/rGO1:1, Ag/ rGO2:1, and Ag/rGO4:1.
The AgNO 3 /NH 3 solution was added into the GO solution. The mixture was sonicated for 20 minutes, after which, LAA was added. The mixture was stirred and heated to 95 o C for 2.5h. The resulting mixture was centrifuged and washed with deionized water and ethanol, respectively, until the pH of the wastewater reached 7, and then it was dried at 60 o C to obtain Ag/rGO. The volumes of reactants used to prepare corresponding samples are shown in Table 1 . 
Characterization
The XRD patterns of GO, rGO, and Ag/rGO were studied using XRD D2 Pharser machine (Bruker AXS, Germany) with Cu Kα radiation (λ=0.154 nm). FTIR spectra of GO, rGO, and Ag/rGO were performed by the Tensor 27 FTIR spectrophotometer (Bruker, Germany). The TEM images were obtained using the JEM 1400 microscope (JEOL, Japan) at an acceleration voltage of 100 kV. Raman spectroscopy was obtained by using LabRam HR Evolution (Horiba, Japan) with an excitation wavelength of 632 nm (He-Ne laser).
Antibacterial test
The antibacterial activities of nanocomposite materials and precursors were tested using plate colony-counting method in order to identify the material with the strongest antibacterial potential. The minimal inhibitory concentration (MIC) of the material was determined by dilution. S. typhimuriu and S. aureus were obtained from Faculty of Biology and Biotechnology, HCMUS and incubated at 37°C in LB.
Plate colony-counting method: antibacterial agents
(rGO, AgNPs, and Ag/rGO) were added to 20 ml of the bacterial suspension at a concentration of 200 mg/ml. The mixture was shaken constantly at 37°C for 6h. 0.1 ml of the diluted solution was uniformly spread in the solid medium in the agar plate and incubated at 37°C for 24h. The growth of the bacteria was observed by counting the total number of colonies per dish [13] .
Broth dilution method: the antibacterial agents were added to 20 ml of the bacterial suspension at a concentration of 0.19 to 50 mg/l. The mixture was shaken constantly at 37°C for 24h. The resazurin 0.01% indicator was added. The color was blue at normal condition and changed to pink if there was bacterial growth. The MIC was determined using the test tube where the concentration was the lowest and the color of the solution remained blue.
Results and discussion
Characterization
FTIR spectra: the FTIR spectra of GO, rGO, Ag/rGO1:1, Ag/rGO2:1, and Ag/rGO4:1 are presented in Fig. 1 . The distinctive diffraction peaks of GO at 3422 cm , and 1400 cm -1 corresponded to the vibration of carboxylic (C=O), hydroxyl (C-OH), and epoxide (C-O-C), respectively [17] . These results confirmed the existence of oxygen-containing groups in the structure of the GO, indicating that graphite was successfully oxidized to GO. It can be seen from the FTIR spectra of rGO and Ag/rGO that there was a decrease in the intensity of characteristic peaks corresponding to oxygen-containing functional groups. This indicated that GO was reduced to rGO when using LAA as a green reducing agent [18, 19] . 
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September 2018 • Vol.60 Number 3 XRD patterns: the XRD patterns of GO, rGO, and Ag/rGO as shown in Fig. 2 . GO exhibited a distinctive diffraction peak at 2θ=9.6 0 , ascribing to (002) crystallographic plane with interlayer spacing d (002) =0.902 nm. In the XRD pattern of rGO, there was no characteristic peak of GO but another peak at 2θ=26 0 , indicating that GO has been was reduced successfully into rGO. The disappearance of the diffraction peak of GO can also be observed in the XRD patterns of Ag/rGO1:1, Ag/rGO2:1, and Ag/rGO4:1 fabricated materials. In addition, the distinctive diffraction peaks of silver nanoparticles can be clearly observed from the XRD patterns of Ag/rGO1:1, Ag/rGO2:1, and Ag/rGO4:1 at 2θ values of 38 0 , 44 0 , 64 0 , and 77 0 ascribing to the crystallographic plane (111), (200), (220), and (311), respectively. These results confirmed the existence of silver in the structure of the Ag/rGO nanocomposites [20] . Besides, the disappearance of the characteristic peak of GO at 2θ=26 0 proved that the nanoparticles enhanced the interlayer spacing between rGO sheets. Raman spectroscopy: Raman spectra of GO, rGO, Ag/ rGO1:1, Ag/rGO2:1, and Ag/rGO4:1 are presented in Fig.  3 . G-band and D-band were approximately in the range of 1320-1335 cm -1 and 1585-1610 cm -1 , respectively [21] . The D-band is related to the disordered carbon and the G-band is associated with the in-plane stretching vibration of sp 2 C-C bonds [22] . The intensity ratio of the D-band and G-band (I D /I G ) is referred to the structural imperfection of graphenebased materials. As shown in Fig. 4 , the I D /I G ratios of GO and rGO were 1.05 and 1.19, respectively. These results showed that rGO had more defects than GO, indicating that GO was been reduced to rGO [21] . According to Fig. 4 , the I D /I G ratios of Ag/rGO1:1, Ag/rGO2:1, and Ag/rGO4:1 were 1.20, 1.24, and 1.24, respectively, which were similar to that of rGO. This indicated that rGO was formed in the solution of silver ions during the fabrication of Ag/rGO. TEM images: TEM images of rGO, AgNPs, and Ag/rGO nanocomposites with different mass ratios of AgNO 3 :GO are shown in Fig. 4 . The light-gray thin films were rGO sheets [in Figs. 4 (A, C, and E)] while black particles were silver nanoparticles. The results showed that with the presence of silver nanoparticles in the structure of rGO, there was also enhancement in the interlayer spacing between rGO sheets, which was indicated by the planar in Figs. 4(C, E), which was lighter than that in Fig. 4A. In Fig. 4B , the silver nanoparticles synthesized in PVP had the size range of 50 to 60 nm. Under the same synthesis conditions, upon replacing PVP with GO solutions, the silver nanoparticles synthesized and the size ranged from 15 to 25 nm, as shown in Figs. 4(C, E) . The results were consistent with that of the previous study, as given in Table 2 . This difference could be explained by the fact that rGO had high specific surface area along with many activated sites, which located the silver nanoparticles and prevented aggregation. The TEM images also showed that upon increasing the amount of AgNO 3 , the amount of silver nanoparticles increased as well [17, 23] .
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Antibacterial activity of fabricated materials: the antibacterial activities of rGO, AgNPs, and Ag/rGO nanocomposites with different mass ratios of AgNO 3 :GO were evaluated by applying the plate colony-counting method. The antibacterial activity of each material depends on the number of colonies in each plate. The higher the number of colony in each plate, the lower the antibacterial activity of the sample was. The antibacterial activities of rGO, AgNPs, and Ag/rGO nanocomposites against S. aureus and S. typhimurium are presented in Fig. 5 . The results showed that the materials showed higher antibacterial 
September 2018 • Vol.60 Number 3 activity against S. typhimurium rather than S. aureus. This could be explained by the fact that the cell wall of S. aureus was thicker than that of S. typhimurium; and hence, generated radicals could break the cell wall and decompose the inner parts of the cell. Among the tested materials, the Ag/rGO4:1 nanocomposite exhibited the strongest antibacterial potential owing to the highest amount of silver in Ag/rGO4:1. On the other hand, in the AgNPs sample, the large size of silver nanoparticles and the fact that they were covered by PVP resulted in the limitation of releasing silver ions. MIC value: the MIC value of Ag/rGO4:1 was determined using the broth dilution method, as shown in Fig. 6 . According to this, the MIC values of Ag/rGO4:1 against S. typhimuriu and S. aureus were 10 mg/l and 50 mg/l, respectively. The higher MIC against S. typhimurium rather than S. aureus showed that S. typhimurium was more easily inhibited than S. aureus.
Conclusions
The analysis results pertaining to XRD, FTIR, Raman, and TEM showed that Ag/rGO nanocomposites was fabricated successfully in situ. The silver nanoparticles in the size range of 10-25 nm were decorated uniformly on rGO sheets. The antibacterial test showed that the fabricated Ag/ rGO had a strong antibacterial potential. Upon using more silver nitrate, the amount of silver nanoparticles increased, and hence, the antibacterial activity was enhanced. The Ag/ rGO nanocomposites exhibited the strongest antibacterial activity, with the MIC value against S. typhimuriu and S. aureus being 10 mg/l and 50 mg/l, respectively. Therefore, it can be concluded that the fabricated Ag/rGO nanocomposite has great potential in antibacterial field. 
